Climate change may increase the importance of agriculture in the global Circumpolar North with potentially critical implications for pristine northern ecosystems and global biogeochemical cycles. With this in mind, a global online survey was conducted to understand northern agriculture and farmers' perspective on environmental change north of 60 • N. In the obtained dataset with 67 valid answers, Alaska and the Canadian territories were dominated by small-scale vegetable, herbs, hay, and flower farms; the Atlantic Islands were dominated by sheep farms; and Fennoscandia was dominated by cereal farming. In Alaska and Canada, farmers had mostly immigrated with hardly any background in farming, while farmers in Fennoscandia and on the Atlantic Islands mostly continued family traditions. Accordingly, the average time since conversion from native land was 28 ± 28 and 25 ± 12 years in Alaska and Canada, respectively, but 301 ± 291 and 255 ± 155 years on the Atlantic Islands and in Fennoscandia, respectively, revealing that American northern agriculture is expanding. Climate change was observed by 84% of all farmers, of which 67% have already started adapting their farming practices, by introducing new varieties or altering timings. Fourteen farmers reported permafrost on their land, with 50% observing more shallow permafrost on uncultivated land than on cultivated land. Cultivation might thus accelerate permafrost thawing, potentially with associated consequences for biogeochemical cycles and greenhouse gas emissions. About 87% of the surveyed farmers produced for the local market, reducing emissions of food transport. The dynamics of northern land-use change and agriculture with associated environmental changes should be closely monitored. The dataset is available for further investigations.
Introduction
The vast boreal and arctic landmass of the world's eight northernmost countries is covered by virtually pristine, sparsely populated ecosystems. Extreme and unfavourable environmental conditions in the Circumpolar North, including large areas with permanently frozen soil, short growing seasons, and the long absence of daylight, limit human population development and land-based activities [1] . Although indigenous people have used the land for reindeer grazing for centuries and millennia [2] , the area used for agriculture is very small. For example, only 0.2% of the total land surface of Alaska is used for agricultural production [3] . In comparison, 39% of the European land surface is covered by agricultural land [4] . As the world's population continues to grow and land suitable for agriculture in other regions of the world is fully exploited, many may look to the north to expand agricultural opportunities, particularly as climate change makes this possible [5, 6] .
The greatest increase in air temperature is predicted to occur in the high northern latitudes, with up to 11 • C warmer mean annual temperatures by the end of the century in the most pessimistic scenario [7] . All aspects of ecosystems are expected to be profoundly affected, as currently assessed in numerous temperature manipulation experiments. Northern societies might also be affected by climate change in various ways: Hovelsrud et al. [8] noted the impacts on economy, infrastructure, health, livelihoods, culture and identity. Agriculture is related to all of these societal aspects and is likely to become a very dynamic sector in the Circumpolar North in the mid-term. Popular media tend to describe current agricultural developments in some northern circumpolar regions as 'agricultural boom' [9, 10] , although this might not necessarily be reflected in recent agricultural statistics for the respective regions. Beck et al. [11] computed an updated global Köppen-Geiger climate classification map and showed that by the end of the century (2071-2100), the prevailing subarctic Dfc climate in the Circumpolar North will have changed to Dfb (warm summer, continental, or hemiboreal) and Dfa (hot summer, continental) climates, which equals the climate of the US wheat belt or Central Europe today. Tchebakova et al. [12] projected that the northern border for agricultural production may shift as far north as the Arctic Circle (66 • N) and that the area suitable for agricultural production in central Siberia could increase by 50-85% by the end of the century. Furthermore, a global crop model predicted that the direct physiological effect of increased atmospheric CO 2 and temperature will lead to the most pronounced positive changes in crop yields in high northern latitudes [13] . At the same time, climate change is also favouring the expansion of certain pests, as observed in Russia in the period 1976-2012 for certain locusts and the Colorado beetle [14] .
Warming-induced permafrost thaw might well be a major driver facilitating the northward expansion of agriculture. Based on the prior moderate warming scenario of the Intergovernmental Panel on Climate Change (A1B), Schaefer et al. [15] predicted a 29-59% decrease in the global permafrost area and a 53-97 cm increase in active layer thickness by 2200. Permafrost soils are currently cultivated to a presumably small, yet unquantified extent [2, 16] , with few consequences quantified for permafrost dynamics and related fluxes of energy, carbon, nutrients, and water in these soils. Furthermore, apart from altered biogeochemical cycles and processes in the soil, the introduction of agriculture to native ecosystems is acknowledged as having extensive ecological, biophysical, and societal consequences [17] .
Finally, global drivers may not be the only factors that foster land-use change in the Circumpolar North; regional drivers may also play a role. For example, the meat-based diets of indigenous people are in transition to more market food-based diets, including grains and vegetables [18] . At the same time, imported food is very costly and often of compromised quality, increasing the demand for locally grown food in remote areas, especially fly-in communities [19, 20] . In certain regions of the Circumpolar North, local food insecurity is a major and troubling issue; for example, about 90% of all Inuit children in the Canadian territory of Nunavut experience hunger on a regular basis [21] . The discovery of natural resources, such as oil, in the northwest arctic Russia or Alaska's North Slope [22] can also amplify the infrastructural and demographic development of certain regions, with potential effects on land-use patterns. For example, agricultural development commenced with the gold rush at the end of the 19th century along the Yukon River in Northwest Canada and Alaska.
The agricultural sector in northern circumpolar regions might currently be small when expressing its proportion to either total global agricultural production or total land area in the global north; however, it is important to understand its nature for the abovementioned reasons. Beyond general agricultural statistics, not much is known about farming in these relatively extreme environments on a global scale. A comprehensive characterisation of the specifics of northern agriculture, farmers' interactions with the environment, and their perception of environmental change could provide a crucial basis for predicting future agricultural development and associated changes in consumption-based greenhouse gas emissions in the northern circumpolar regions of the globe. The objective of this study therefore was to conduct a global online farmer survey and derive a comprehensive dataset on multiple aspects of agriculture north of 60 • N based on farmers' perspectives.
Materials and Methods

Survey and Dataset
The online questionnaire was compiled in English and Russian using SoSciSurvey.de, a professional free German software tool for online surveys [23] . The aim was to reach farmers north of 60 • N latitude, which approximately encompasses the northern boreal and arctic climate zones. The questions were organised into four thematic blocks: (i) general characteristics of the farm and infrastructure, (ii) farm history, motivation, and origin of the farmer, (iii) climate change and environmental constraints, and (iv) sociodemographics. The open text (OT) answer type was chosen when: (i) it was not clear what kind of answer to expect or (ii) the variable was continuous. Only if the range of possible answers could be narrowed down to several categories was multiple choice (MC) chosen as the answer type. A third type of answer was a combination of MC and OT (MC/OT), when farmers were given the option to choose 'other' over the given options and then explain what 'other' was.
The The survey was launched on 24 January 2019 and closed on 23 April 2019. It was distributed in multiple ways on the internet. Lists of farmers' emails were obtained from diverse websites to contact farmers directly. Agricultural extension services, consultancies, and scientists were also asked to distribute the announcement. Finally, the social media platform, Facebook, was used to directly contact farmers with active profiles or post the survey announcement to farmers' associations or networks. Farmers gave informed consent to participate in the study and the ethics committee of the life science faculty of the Technical University of Braunschweig approved the study (official number FV-2019-15, approval date 28/10/2019).
A total of 151 farmers clicked the link and looked at the survey and, of these, 67 contributions were valid (success rate of 44%). A valid contribution was predefined as having at least 51% of the questions answered. For the 67 valid contributions, an average of 94% of all questions was answered. The approximate location of the farm, as shown in Figure 1 , was derived from the question on the nearest settlement and therefore does deviate slightly from the actual location. Five farms in Alaska were located south of 60 • N, but were not excluded, since this longitude served only as a rough definition of the target regions. Despite a Russian translation of the survey and several distribution efforts, no data was collected from Siberia, which might be related to insufficient internet access in certain regions (Kurganova 2019, personal communication). The 67 contributions were clustered into four different regions, which are characterised by distinct environmental conditions and thus presumably by distinct agricultural practices: Alaska, Canada, Atlantic Islands and northern Continental Europe (Fennoscandia) ( Table 1 ). The number of farms surveyed was not proportionally distributed with regard to actual numbers of farm operations: In Alaska, Canadian territories, Greenland, and Faroe Islands, 2.6%, 10%, 1.8%, and 4.1% of the total agricultural operations were surveyed, respectively, while in Fennoscandia and Iceland, the number of farm operations was much larger (e.g., 47 .633 farms in Finland) , so that only a very small proportion of total farms was surveyed. The dataset might thus not be representative for all farm operations in the Circumpolar North outside Siberia. For the majority of questions in this study, this was not a precondition. It was more important, that all regions were covered to a certain extent and with a similar sample size. Climate data, i.e., mean annual temperatures (MAT) and mean annual precipitation (MAP), were derived from a climate database with regionalised weather station data from 1982-2012 for the given nearest settlement to each of the 67 sites (climate-data.org). Average values are presented in Table 1 . Table 1 . Regional coverage of the dataset with numbers of farmers participating in the survey (n), average mean annual temperature (MAT, • C) and average mean annual precipitation (MAP, mm) with standard deviations, length of the growing period (LGP, number of days per year, as derived from the Food and Agricultural Organization of the United Nations (FAO) classification of global agro-ecological zones [24] ), abundance of certain soil texture classes (sandy, loamy, or clayey; number of answers in the survey), and abundance of peat on the farmed area (number of answers in the survey). 
Region
Data Analysis
For a statistical analysis of the data, we introduced categories to group non-continuous open text answers. For example, the open text question 'why do you farm north of the 60 • N latitude?' was answered in many and diverse ways, while two contrasting major reasons were given: 'lifestyle' and 'family roots'. Answers such as 'I love it here', 'lifestyle', 'we want to live here', 'love farming', 'wild untrampled land', 'love the north and it's a challenge' were summarised as 'lifestyle', while 'it's home', 'that is where I live', 'I was born here', and 'family farm since 1920' were summarised as 'family roots'. Any answer that did not fit into these categories was summarised as 'other'. When 'other' was used, a rough categorisation was given along with the presentation of the respective results. The obtained categories were then used to calculate proportions of each category in each region. Consequently, the proportion referred to the total number of farmers per region answering the specific question, not to the total number of farmers per region. This was done to omit the category 'no answer'. The number of answering farmers was acknowledged when presenting the results. In the case of multiple answers per farm, e.g., open text listings, either the proportion of farmers mentioning the individual category (in the case of climate adaptation measures) or the proportion of the category in the total number of mentioned cases (in the case of wildlife problems per region) was calculated. Differences between regions in proportions of categorical variables were tested for significance using the chi-square test of independence. For the test, counts of cases instead of proportions were used in each cell [25] . For continuous variables, analysis of variance (ANOVA) was used to test differences between regions for significance. Data were square root-transformed or log-transformed whenever necessary to ensure approximate normal distribution. Significance was assessed at p < 0.05. Statistical and graphical analyses were performed with the statistical software R, version 3.5.2 [26] .
Results and Discussion
General Characterisation of Agriculture North of the 60 • N Latitude
Within the survey, a significant difference was found between the regions regarding the abundance of farm types and major crops (p < 0.001). In Alaska and the Canadian territories, the agricultural sector was characterised by a high diversity in farming systems, ranging from subsistence farms and market gardens to larger crop or mixed farms. Accordingly, hay and specialised crops, such as vegetables, fruits and berries, flowers and herbs, were the dominant agricultural crops there. Alaskan agriculture has been characterised as 'outpost agriculture', specialising in the supply of horse fodder and some 'luxury' items for local communities-Primarily government employees [27] . In the past decade, peony (Paeonia spec L.) production for the US cut-flower market especially has become a blooming business in Alaska [28] . This is due to the fact that Alaskan peonies fill the July-September gap, which is related to the peony blossom between April and June in the northern hemisphere and from October in the southern hemisphere. In the dataset, the importance of flower farming to Alaskan agriculture was revealed by the fact that one third of all Alaskan farms had 'flowers and herbs' as the main crop, with two out of seven growing primarily or only herbs, and five out of seven growing primarily or only flowers. With a total of 142 Canadian farms in 2016 as compared to 1000 Alaskan farms [3] , the agricultural sector in Canada north of 60 • N latitude is much smaller. The fact that hay and vegetables are the major crops in the Canadian territories is in line with agricultural statistics [29] , indicating that approximate representativeness of the survey can be assumed. Subsistence farming was also found to play a considerable role in Alaska and Canada (Figure 2A) , underlining the small-scale character of agriculture in these regions. When excluding one outlier of 920 ha, the average area of cultivated land per farm in Alaska was 1.2 ± 1.7 ha, while in Canada it was 25 ± 46 ha. On the Atlantic Islands, agriculture is traditionally dominated by sheep farming, introduced by the Vikings in medieval times [30] . This explains the homogeneous patterns for the variables, farm type and major crop, which were dominated by meat farms and hay, respectively. When excluding an outlier of 2500 ha in Greenland, the average area of cultivated or grazed land was 166 ± 187 ha. In contrast, the northern provinces of Finland, Norway, and Sweden are dominated by crop farms and cereals as the major crop, which is also consistent with agricultural statistics [31] [32] [33] . With 52 ± 32 ha, the average farm size in the Scandinavian countries was well above that in Alaska and Canada. Thus, despite the different number of observations per region as well as the relatively low number of observations in Fennoscandia in relation to the high number of farms, the observed ranges in farm types and agricultural product matched well with agricultural statistics. It can therefore be assumed that the contributing farmers approximately represented their respective regions with regard to farm type and major crops. Furthermore, 43% of all the investigated farms had livestock, of which 86% bought extra animal feed. The remaining 14% (five farms), none of which bought any extra feed, were certified organic. The overall proportion of organic farms was 36%, which is not representative of northern circumpolar agriculture; however, in Finland, the majority of contributions came from organic farmers, who were reached by a shared link in a forum for organic agriculture.
Unfortunately, Russian farmers could not be reached directly with the survey to evaluate the Russian perspective on northern agriculture in the context of climate change. Literature on northern agriculture in Russia beyond official statistics is also scarce (Kurganova 2019, personal communication). Due to the large size of the land surface north of 60 • N that is in Russia, this represents a major shortcoming of this global survey. Similar to the other northern regions, the north of Russia is sparsely populated: the Circumpolar North (north of 60 • N) occupies about 20% of the total area of the Russian Federation, whereas its population comprises only 4.5% of the total Russian population [34] . Agriculture is a traditional part of life for local people north of 60 • N. The share of milk and egg production in northern Russian territories is no more than 0.9-1.5% of the total amount in Russia. Cereal production also plays a minor role here. The area occupied by grain crops is about 107,000 ha, which is less than 0.1% of the total area of grain crops in Russia [34] . Reindeer husbandry is the only branch of agriculture that develops mainly beyond the Arctic Circle. Traditional local activities (such as reindeer husbandry, fishing, hunting, and gathering wild plants) provide the basis of the food for the indigenous people of the northern territories.
Infrastructure and Farm Product Distribution
With an average distance of 22 ± 14 km ( Figure 3A ) or 27 ± 38 minutes by motorised vehicles to the next settlement, farms in the northern circumpolar region were relatively remote. Although no significant difference was detected across regions, farms in Canada tended to be the most remote. This was confirmed by other infrastructural parameters: in Canada, only 50% of all farms had a community power supply ( Figure 3B ), while in Fennoscandia 95% of all farms had access to the electricity network. Consequently, farms in Canada had the highest share of farms with self-produced renewable energy ( Figure 3C ). The proportion of farms with greenhouses was highest in Alaska, followed by Canada, which is likely driven by farm type followed by climatic conditions. In this survey, meat farmers on the Atlantic islands did not rely on greenhouses. Greenhouse production of fruits and vegetables, however, is a common feature of local agriculture in Iceland in particular [35] due to the availability of geothermal energy.
A total of 87% of all surveyed farmers were producing their food for local communities, distributing it through farm gate sales, farmers' markets, and cooperatives or selling it to local restaurants. Only 13% (8 out of 62 answering farmers) were producing food for the respective national market. Those mainly consisted of several peony farms in Alaska producing for the US flower market, as well as cereal farms in Finland producing for the 'industry'. Farming was the only income for just 24% of all farmers in the survey; of those 15 farmers, only two were exporting their products or selling them to retail markets. The majority of full-time farmers comprised those producing for their local communities. This indicates that northern farmers are likely to be able to make a living by providing agricultural products to nearby communities. 
Farmers' Backgrounds, Origins, and Motivations
For farmers' agricultural backgrounds ( Figure 4A ), a significant difference was found between the regions (p < 0.001). In Alaska and Canada, 50% and 60% of all farmers, respectively, had no background or education in agriculture, while on the Atlantic Islands and in Fennoscandia, the majority of farmers were educated either by growing up on farms or at official agricultural education institutions. This fits the fact that farming in Alaska and Canada is mostly driven by lifestyle decisions or other diverse reasons, while 'family roots' was the major reason for farming north of 60 • N on the Atlantic Islands and in Fennoscandia ( Figure 4B ). The proportion of farmers who actively moved to the far north of Europe to develop agricultural production seemed rather limited compared to North America. This was also indicated by the low proportions (<20%) of European farmers who did not originate from the region in which they were farming ( Figure 5 ). Farmers in Alaska, the Yukon Territory, or northwest territories of Canada came from all over the US, Canada, or Europe and intentionally moved to these relatively remote areas; in contrast, the vast majority (>80%) of farmers on the Atlantic Islands and in Fennoscandia originated in their respective regions. These observations correlated well with the average age of the farms: average time since conversion from native land in Alaska and Canada was less than 30 years, i.e., only one generation, whereas on the Atlantic Islands and in Fennoscandia, the first conversion dated back as far as 255 ± 155 and 301 ± 291 years, respectively. The observation that 80% of the surveyed current farmer generation in North America did not originate from there might indicate upcoming agricultural growth in those regions. Moreover, it fits well with demographic developments in those regions: the population of Alaska increased almost linearly from 100,000 in 1946 to 736,000 in 2018 [36] , which equals an annual growth rate of 8.8%. The same is true for the population of the Canadian territories. The population of the Yukon Territory increased linearly from 5000 to 40,000 between 1941 and 2018 (annual growth rate of 11%) [37] . In contrast, Finland has a current annual population growth rate of 0.34% [38] . There might be multiple reasons why the north of North America is attractive to many, including industrial and mining developments. The results of this survey indicate that at least for the population group of farmers, lifestyle decisions, i.e., leaving civilisation behind for a self-sufficient life, might be a major driver. The latest technical developments, e.g., the internet and numerous possibilities to produce electricity from renewable sources, might have facilitated this trend in the last few decades. As yet there are no clear indications that these trends are directly related to climate change. 
Agricultural Development
The distinct population dynamics of the investigated regions, as well as the results of this survey, suggest that further climate change-driven alterations to the agricultural sector in the Circumpolar North, at least in some regions, can be expected. In the survey, farmers were asked to predict agricultural development in their region ( Figure 6 ). With low variation between regions, 50% of all farmers expected local agriculture to grow due to climate change, while the remaining 50% were not convinced of this. Questions about two potential main drivers of agricultural development were answered more decisively: 84% of all farmers observed climate change in their respective area and 80% estimated that people in their nearest community want local agriculture to grow ( Figure 5 ). Furthermore, the question about the major challenge of farming north of the 60 • N latitude was answered with climate-related challenges (e.g., short growing season, unpredictable frost, and cold climate) by 69%, soil-related challenges (e.g., poor soil, stones in the ground, and permafrost) by 11%, and others (lack of infrastructure, limited market, access to quality breeding stock, shipping costs, and support) by 20%. This is in contrast to the analysis of Stevenson et al. [39] , who stated that socioeconomic challenges might be the greatest hindrance to agriculture in the specific case of Alaska as compared to environmental, geophysical, and biological challenges. In the present study, the short growing season was the climate-related challenge mentioned most often. For example, in Whitehorse and Dawson, the two major agricultural areas in the Yukon Territory, the average length of the frost-free season is 62 and 55 days, respectively. The length of the frost-free season is projected to increase to 116 and 100 days, respectively, in Whitehorse and Dawson in the Representative Concentration Pathway (RCP) 8.5 scenario by 2081 (https://climateatlas.ca/). Therefore, a major hurdle for agricultural production is about to disappear in the mid-term. 
Perception of Climate change and Other Environmental Constraints
Climate change has been observed by the majority of farmers (84%). The specific change most often observed was a warmer winter (Figure 7) . This is in line with several studies reporting climate change-driven changes in snow-packed conditions [40, 41] , but it is still remarkable that these trends are observable even without respective technological means. In contrast, only very few farmers observed warmer summers. A longer growing season, as a consequence of global warming, was the second highest response about climate change, which is in accordance with phenological data from North America and Europe [42] . As opposed to many other regions of the world, a longer growing season could indeed be beneficial for agricultural production in northern circumpolar regions [13] . More unstable weather, i.e., weather extremes and more erratic weather, were also observed by farmers.
In accordance with observed climate change, many farmers (67% of those who observed climate change) had started to adapt their farming practices. This is in line with other studies reporting farmers' awareness of climate change and undertaken adaptation efforts [43] . The most common adaptations were 'timing' and 'growing new varieties', which again suggests generally improved conditions for diversified agricultural production in the global north. Furthermore, the implementation of irrigation as well as changes in tillage practice were mentioned as responses to increasing drought, while adjusted pest management has become necessary for some farmers due to increasing insect pressure. For both questions, no clear regional differences were observed. A total of 14 farmers had permafrost underlying their agricultural land or the adjacent uncultivated land. Two additional reports of permafrost from southern Finland were assumed to be unreliable due to a mean annual air temperature of >4 • C in the respective regions. For cultivated soil, 17% of all farmers reported permafrost, while for uncultivated soil, mostly under boreal forest cover, 25% of all farmers reported permafrost (Figure 8 ). Permafrost also tended to be shallower under uncultivated land. A direct comparison showed that 7 out of 14 farmers reported a deeper or completely thawed permafrost under cultivated land as compared to uncultivated land, while the other seven reported the same depth of permafrost for both land cover types (Table 2) . Finally, 6 out of 14 farmers observed changes in the permafrost depth due to land-use change, two observed changes due to climate change, and six observed no changes in permafrost depth. Furthermore, eight farmers observed thermokarst on their land, i.e., a microrelief typical for thawing permafrost including large cracks in the soil as well as hammocks and hollows [44] . Four of these eight farmers also noticed a shallower permafrost depth (permafrost closer to the surface) in the uncultivated land. Despite a lack of statistical significance, these results suggest that permafrost thawing is accelerated by land-use change from boreal forest or shrubland to croplands or pastures. This has been suggested earlier [16] and is most likely related to changes in surface energy balance, with more direct radiation and less albedo in agricultural land. To date, such micrometeorological studies in northern circumpolar regions are restricted to natural shifts in land cover, such as shrub encroachment in the tundra [45, 46] . It can also be expected that the introduction of agriculture to previously forested areas may have a strong impact on soil temperature and moisture and thus permafrost abundance and dynamics. The results of this study suggest that land-use change might even have a greater impact on permafrost thawing than climate change (Table 2) ; however, such perceptions might be biased by the fact that land-use change effects are more immediately visible, while climate change is a slow process with a transitional effect on permafrost thawing. Nonetheless, northern agriculture in subarctic areas of discontinuous permafrost is likely to accelerate soil biogeochemical cycles, which should be considered in situ, e.g., by adjusting farming practices or in biogeochemical models predicting carbon fluxes between land and atmosphere. To date, the research focus regarding greenhouse gas emissions and carbon loss from thawing permafrost soils has mainly been on unmanaged tundra ecosystems [47, 48] . Apart from permafrost dynamics, the high abundance of peatlands in the global Circumpolar North poses a risk of increased CO 2 emissions from agricultural land-use. Gorham [49] estimated a total of 449 Pg carbon being stored in northern peatland, which is expected to release large amounts of CO 2 upon drainage and warming. In the present study, 39% of all farmers had peaty areas on their land. This particular aspect was not evaluated in more detail to determine the areal extent of peatland areas under cultivation or how those peatlands are currently managed. For future land development, it is important to consider peatlands as unsuitable for cropping.
As a consequence of the remoteness and relatively small anthropogenic impact on northern circumpolar ecosystems, wildlife problems or conflicts are significantly more abundant in North America and the Atlantic Islands than in the north of Fennoscandia (Figure 9 ). In northern Fennoscandia, only 55% of all farmers experienced wildlife problems, with deer being the most abundant group of species. In contrast, 95% of the farmers in Alaska were facing wildlife problems. In Canada and the Atlantic Islands, bears and other predator animals were the most often mentioned group of species. This is partly related to the fact that most of the farms on the Atlantic Islands are livestock farms; however, it might also be related to the fact that agriculture development per se is an anthropogenic expansion into the natural habitat of bears and other predators. In Fennoscandia, the agricultural landscape is more developed; centuries ago, natural ecosystems were converted into managed land, with known consequences for the habitat of large mammals, such as bears [50] . In Alaska, moose was most often mentioned by farmers as being problematic. In total, only four farmers noticed a clear change in wildlife problems due to global warming. Answers given were: 'slug eggs don't get frozen and all can hatch', 'aphids have increased', 'deer were not here when it was colder', and 'polar bears coming during unusual periods'. Nonetheless, it can be summarised that climate change per se, as well as ecosystem responses to it, are being noticed by farmers and farming practices are also being adapted. 
Northern Agriculture and Greenhouse Gas Emissions
Many regions in the global Circumpolar North rely on the import of food by land or sea due to a lack of local food supply. For example, Alaska is estimated to provide only five to ten percent of its food demand by in-state agriculture [51] . Long transport distances of food to those remote areas not only affect food price and quality, but also the carbon footprint of food consumption in northern communities. Despite the fact that the impact of food miles in the context of sustainable food production [52] is still being debated, local food production will strongly cut CO 2 emissions related to food transportation. Moreover, a large proportion of farmers in Alaska and Canada are producing off-grid and are completely reliant on self-produced renewable energy (Figure 3 ). An expansion of northern agriculture to increase the proportion of locally produced food requires conversions of native land, which is generally associated with considerable soil organic matter losses and thus CO 2 emissions [53] . Those losses are likely to be more pronounced when permanently frozen soil or peatland is broken and drained [54, 55] . It is therefore doubtful whether the overall carbon footprint of food consumption of northern communities would be reduced by a greater food supply through local agricultural production. To assess this, more data on land-based emissions after land-use change are essential. The same is true in order to evaluate the carbon footprint of certain niche products, such as Alaskan peonies, that are or will be produced in the far north for the national or global market.
Conclusions
On a global scale, agriculture north of 60 • N is currently of limited economic and ecological importance and restricted to a small part of the vast northern land surface. This is one likely reason for the limited understanding of the specifics of global northern agriculture. In the course of climate change, however, a northward expansion of agriculture is a likely scenario in the near future. The farmers' survey conducted, although of limited sample size and with a certain regional bias, revealed that climate change is already being observed by farmers and adaptions are already being made. Among other management adjustments, new varieties of crops are being tested and the timing of some field operations is being changed due to longer growing seasons. In particular, in the coldest regions evaluated, i.e., Alaska and the Canadian territories, people have been immigrating in recent decades to clear land and commence small-scale farming, often beyond civilisation. This has understudied effects on the subarctic environment, including conflicts with wild animals, accelerated permafrost thawing, and greenhouse gas emissions associated with land-use change. A profound understanding of the emissions associated with land-use change is necessary to judge whether or not local food production in remote areas to partly replace expensive food imports will reduce the carbon footprint of northern food consumption.
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